ABSTRACT Sperm competition arises as a result of complex interactions among male and female factors. While the roles of some male factors are known, little is known of the molecules or mechanisms that underlie the female contribution to sperm competition. The genetic tools available for Drosophila allow us to identify, in an unbiased manner, candidate female genes that are critical for mediating sperm competition outcomes. We first screened for differences in female sperm storage and use patterns by characterizing the natural variation in sperm competition in a set of 39 lines from the sequenced Drosophila Genetic Reference Panel (DGRP) of wild-derived inbred lines. We found extensive female variation in sperm competition outcomes. To generate a list of candidate female genes for functional studies, we performed a genome-wide association mapping, utilizing the common single-nucleotide polymorphisms (SNPs) segregating in the DGRP lines. Surprisingly, SNPs within ion channel genes and other genes with roles in the nervous system were among the top associated SNPs. Knockdown studies of three candidate genes (para, Rab2, and Rim) in sensory neurons innervating the female reproductive tract indicate that some of these candidate female genes may affect sperm competition by modulating the neural input of these sensory neurons to the female reproductive tract. More extensive functional studies are needed to elucidate the exact role of all these candidate female genes in sperm competition. Nevertheless, the female nervous system appears to have a previously unappreciated role in sperm competition. Our results indicate that the study of female control of sperm competition should not be limited to female reproductive tract-specific genes, but should focus also on diverse biological pathways. I N many organisms, sperm competition is an important source of reproductive variation and is critical to the reproductive success of both males and females. Sperm competition occurs when a female mates with and stores sperm from multiple males. Multiple mating creates a situation in which the males' sperm "compete" for successful fertilizations. While the ultimate outcome of a sperm competition depends on a complex interaction between male and female factors, the sexes often have different interests. Males are essentially in competition with other males, and while natural selection drives males to become better competitors with each other, it may result in males damaging the female through toxicity of seminal proteins (Wigby and Chapman 2004; Mueller et al. 2007 ). On the other hand, females benefit from simply being able to produce the most and highest-fitness offspring, and this may entail a specific response to male-produced molecules that influence sperm competition. The sexual conflict that arises from these different evolutionary goals of males and females implies that the genetic response to selection on sperm competition may be totally distinct in males and females. It remains largely unknown what genes drive this sexual antagonism underlying sperm competition.
I N many organisms, sperm competition is an important source of reproductive variation and is critical to the reproductive success of both males and females. Sperm competition occurs when a female mates with and stores sperm from multiple males. Multiple mating creates a situation in which the males' sperm "compete" for successful fertilizations. While the ultimate outcome of a sperm competition depends on a complex interaction between male and female factors, the sexes often have different interests. Males are essentially in competition with other males, and while natural selection drives males to become better competitors with each other, it may result in males damaging the female through toxicity of seminal proteins (Wigby and Chapman 2004; Mueller et al. 2007 ). On the other hand, females benefit from simply being able to produce the most and highest-fitness offspring, and this may entail a specific response to male-produced molecules that influence sperm competition. The sexual conflict that arises from these different evolutionary goals of males and females implies that the genetic response to selection on sperm competition may be totally distinct in males and females. It remains largely unknown what genes drive this sexual antagonism underlying sperm competition.
Identifying the genes that are important to the success of sperm competition for each sex will lead to a full understanding of the genetic architecture and evolutionary dynamics of sperm competition. Due to the numerous genetic and experimental tools available, Drosophila has been a particularly good model for studying the basic biology of sperm competition. Previous work in Drosophila has demonstrated that male genotype (Clark et al. 1995 (Clark et al. , 1999 Fiumera et al. 2005 Fiumera et al. , 2007 Civetta et al. 2008; Chow et al. 2010) , female genotype (Clark et al. 1995 (Clark et al. , 1999 Clark and Begun 1998; Civetta et al. 2008; Chow et al. 2010) , and male · female genotype interactions (Clark and Begun 1998; Clark et al. 1999; Chow et al. 2010) are all important to the outcome of sperm competition and that each aspect involves dozens of genes.
Functional and association studies demonstrated that several male-derived accessory gland proteins (Acps) play important roles in sperm competition (Harshman and Prout 1994; Fiumera et al. 2005 Fiumera et al. , 2007 Wong et al. 2008; Avila and Wolfner 2009; Chow et al. 2010) . However, while different female genotypes associate with differences in sperm competition outcomes, little is known about the specific genes or gene variants that underlie the differences in the female side of sperm competition. Gene expression analyses in singly mated (Lawniczak and Begun 2004; McGraw et al. 2004 McGraw et al. , 2008 McGraw et al. , 2009 Kapelnikov et al. 2008) and doubly mated (Innocenti and Morrow 2010) females found numerous genes regulated by mating. These mating-regulated genes may include some that are important for sperm competition. Similarly, genes expressed specifically in the female sperm storage organs (Allen and Spradling 2008; Prokupek et al. 2008 Prokupek et al. , 2009 Prokupek et al. , 2010 Schnakenberg et al. 2011 ) might produce products that influence sperm competition.
Many studies of the female role in sperm competition have focused on the female reproductive tract. A priori, a focus on the female reproductive tract makes sense because this is where sperm competition occurs. In Drosophila females, sperm are stored in two types of organs, the spermatheca and the seminal receptacle, and there must be numerous interactions between the female molecules, the male molecules, and sperm within these organs (Wolfner 2009 (Wolfner , 2011 . Indeed, a recent study found that polymorphisms in genes expressed in the female reproductive tract or female genes with signatures of selection are associated with female sperm use (Giardina et al. 2011) . However, to date, only one female gene has been directly implicated in sperm competition, the Sex Peptide Receptor (SPR) (Chow et al. 2010) . Overall, it is unknown whether these interactions are necessary and/or sufficient for sperm competition.
The outcome of sperm competition depends on multiple interactions at the behavioral, pheromonal, and molecular levels (Sirot et al. 2009 ). Given the complexities of each step, we hypothesized that female-derived molecules and interactions important for sperm competition might not be limited to the female reproductive tract. Thus we performed an unbiased screen for candidate genes that affect sperm competition outcomes in females. We found and quantified high levels of natural genetic variation in outcomes of sperm competition trials. We then carried out association tests to identify single-nucleotide polymorphisms (SNPs) that contributed to variation in the female effect on sperm competition. We found a striking overrepresentation of neuronal genes, and we validated several of these in additional experiments. These results provide clues about the mechanisms used by females to actively control sperm competition.
Materials and Methods

Drosophila melanogaster fly cultures
Thirty-nine lines from the fully sequenced Drosophila Genetics Reference Panel (DGRP) were used in this study (Supporting Information, Table S1 ) (Ayroles et al. 2009; Mackay et al. 2012) . The DGRP is a collection of wild-derived, inbred Drosophila lines. Sperm competition assays were carried out with females from the DGRP lines. To eliminate male genetic variation, all DGRP female genotypes were mated to the same first and second males from the standard laboratory lines, cn bw and bw D , respectively. All flies were collected as virgins under CO 2 anesthesia and aged 4-7 days in single-sex vials of 20-30 flies. All flies were maintained on standard agar-dextrose-yeast media and housed at 24°on a 12-h light/dark cycle.
Sperm competition assays
Thirty females from each DGRP line were given the opportunity to mate doubly to males from the cn bw and bw D homozygous, inbred laboratory stocks. Sperm competition assays were performed by methods similar to those in previous reports ( Figure S5 ) (Fiumera et al. 2005 (Fiumera et al. , 2007 Chow et al. 2010; Giardina et al. 2011) . DGRP females all have wild-type red eyes, cn bw males have white eyes, and the doubly heterozygous F 1 progeny sired by cn bw males and DGRP females have red eyes. bw D males are homozygous for a dominant mutation that causes brown eyes. The bw D allele was crossed into a homozygous laboratory background and the bw D males in this background are good sperm displacers as second males (Chow et al. 2010) . Progeny sired by bw D males and DGRP females all inherit one copy of the dominant bw D allele, resulting in brown eyes.
For the first mating, cn bw males were mass mated with DGRP females for 12 h (overnight on day 0). For each DGRP line, three parallel mass matings of 10 males and 10 females was performed. On day 1, cn bw males were discarded and each female was aspirated into an individual vial (vial 1). At the end of day 1, two bw D males were placed with each female for 12 hr overnight (second mating). On day 2, each female was aspirated into a new vial (vial 2) and allowed to lay eggs for 48 hr. On days 4, 6, and 8, each female was aspirated into a new vial (vials 3, 4, and 5). On day 10, females were discarded. The adult progeny were scored for eye color to ascertain the sperm competition and progeny phenotypes of the parental lines.
We scored the following parameters: Total progeny is the number of progeny in vials 1-5 from each doubly mated female irrespective of eye color (red + brown) (30 measurements per DGRP line). Remating rate is the proportion of the 30 females that mate with a second male (single proportion per DGRP line), as determined by the presence of one or more brown-eyed progeny in vials 1-5. P1 is the proportion of progeny from the first male after the second mating, calculated as the proportion of red-eyed progeny after the second mating (red/(red + brown)). P1 scores were calculated from vials 2-5 of the crosses that remated. The second mating occurs in vial 1, and vial 1 is excluded from the P1 score because it is impossible to determine which eggs were laid before the second mating. In the cases of P1 = 0, it was observed that there was at least 1 red-eyed progeny in vial 1 (confirming that the first mating had occurred) and subsequently no red-eyed progeny in vials 2-5. Similarly, in cases of P1 = 1, it was observed that there was at least 1 brown-eyed progeny in vial 1 (confirming the second mating) and subsequently no brown-eyed progeny in vials 2-5.
Statistical analysis
All statistical analysis was performed in R (version 2.8.1, R Development Core Team). To identify a line effect, analysis of variance (ANOVA) was used to apply a simple linear model to P1 score and progeny number, similar to the analysis previously described (Chow et al. 2010; Clark et al. 1999; Grueber et al. 2007) . The mean of the phenotype (y i ) for females from the ith DGRP line was
where the indexes for the female genotypes are each of the 38 DGRP lines (one of the original 39 lines displayed a remating rate of 0; thus all sperm competition results henceforth include only 38 lines), where m is the overall mean, and where e ij is the error term. For progeny counts, j = 1-30. For P1 the ANOVA was fitted for individual flies that remated and thus j = number of remated females. Permutation tests based on chi-square statistics were applied to test for significant heterogeneity among lines in remating rate (Fiumera et al. 2005 (Fiumera et al. , 2007 Giardina et al. 2011) .
To test the significance of SNP associations with sperm competition phenotypes, the lines were partitioned into two groups based on their genotype at each SNP (two groups representing either allele for each SNP) (Mackay et al. 2012) . This is equivalent to pooling the lines into two bins for each SNP, with each bin representing one or the other allele at the SNP. From these collapsed data, the linear model to test for SNP interactions in P1 score was
where y i represents the P1 score, where m is the overall mean, and where e ij is the error term. All SNPs for which the minor allele frequency was ,0.10 were excluded from the analysis. A total of 2,600,361 SNPs were tested. The number of SNPs tested in 38 lines results in a significant multiple-testing problem. However, rather than draw meaning from the P-value scores, we merely used this statistical association to generate a list of candidate genes for subsequent functional studies. Nevertheless, we did use the nominal P-values from these tests and removed all SNPs with P . 10 26 from further consideration. We also calculated a false discovery rate (FDR), but because of the very large number of SNPs being tested with just 38 lines, none of the FDR-corrected Q-statistics was ,0.2.
To test for gene expression enrichment in neurological tissues, expression levels for each gene were taken from FlyAtlas (Chintapalli et al. 2007 ). Tissues were categorized as either "neuronal" (brain, eye, thoracicoabdominal ganglion, and larval CNS) or "nonneuronal" (all other tissues). A paired t-test was performed to test for neuronal tissue enrichment.
RNAi functional testing
To achieve tissue-specific knockdown of select candidate genes, we generated RNAi females by crossing ppk-GAL4/ TM3, Sb (Grueber et al. 2007) females to UAS-RNAi-generating males (Vienna Drosophila RNAi Center; para, line 104775; SK, line 103985; Rab2, line 105358; Rim, line 39384). Control females were generated by crossing females from the same ppk-GAL4/TM3, Sb driver line to the AttP RNAi background line (Vienna Drosophila RNAi Center). Control and knockdown flies were identical with the exception of the insertion of an RNAi transgene at the predetermined AttP site. Only Sb + progeny were used from each cross. Sperm competition experiments using RNAi and control females were performed in an identical way to the tests of DGRP females. RNAi females and control females were mated first to cn bw males and then to a second bw D male. Forty females of each genotype (RNAi and control) were assayed. To test the efficacy of RNAi knockdown for each gene, Tubulin-GAL4/TM3, Sb females were crossed to UASRNAi-generating males. Lethality was scored based on deviation from 1:1 for Tubulin-Gal4:TM3,Sb genotypes. Since all candidate genes in this study are essential genes, only lines that demonstrated complete or near complete lethality with Tubulin-GAL4-driven RNAi were used.
Results
Females from 39 lines of the DGRP (lines are listed in Table  S1 ) were tested in double-mating trials as described in Materials and Methods. Thirty females were used for each of the 39 lines, resulting in a total of 1170 double-mating opportunities. One of the lines never engaged in a second mating, and we discuss only results for the 38 lines that successfully doubly mated.
Progeny number
Progeny number was determined for 11 days following the first mating. A total of 132,217 progeny were counted and scored (123 6 73 per cross) ( Figure S1A ). Total progeny number showed a significant DGRP line effect (F 37,485 = 4.0, P , 3.92 · 10 213 ) ( Figure S1B and Table S1 ).
Remating rate
Female remating rate for each DGRP line is the proportion of the 30 females that remated with the second bw D male. The average remating rate across the 39 lines was 0.48 (including the single line that showed no remating). There was a significant DGRP line effect on remating rate (x 2 = 27, P = 0.003) ( Figure S2 and Table S1 )
The P1 score is the proportion of progeny sired by the first male after the second mating. P1 was calculated from all females that remated with the second bw D male (presence of $1 brown-eyed progeny). A single DGRP line (RAL313) displayed zero remating among the 30 replicate females; thus, this line is excluded from the P1 analysis (38 lines remain). A total of 524 females remated with the second male. The average P1 score across all lines was 0.53 6 0.27 ( Figure S3 ). There was a significant effect of DGRP line on the P1 score (F 37,485 = 1.98, P = 0.0003) (Figure 1 and Table S1 ). Mean P1 for each DGRP line varied from ,0.2 to .0.9.
Association of female SNPs with sperm competition
To generate an unbiased, prioritized list of candidate female genes involved in sperm competition, we performed an association study. The mean P1 score from each of the 38 doubly mating DGRP lines was used as the phenotype to associate with SNPs genome-wide. Each polymorphism in the genome allowed the partitioning of the DGRP lines by allele identity. ANOVA testing was performed to test for evidence that a SNP was associated with P1 score (see Table  S4 for all SNPs with nominal P , 0.05). This test suffers from a severe multiple-testing problem, so rather than be concerned about the precise meaning of the P-values from the tests, we simply use the rank order of the test statistics to flag genes that might be worth pursuing for subsequent study. Thirty-three genes were represented among the most significant candidate SNPs associated with P1 score (Table 1; arbitrary cutoff of P , 10 26 ). All these candidate SNPs lie in noncoding regions (introns, UTRs, or intergenic) or are synonymous substitutions, suggesting that the SNPs most likely affect gene expression. Strikingly, 15 of these 33 genes have a specific neurological function or are enriched in expression in the nervous system (Table 1) , as determined by literature review and gene function. An analysis of Gene Ontology (GO) terms did not yield enrichment of specific functional classes. This is not particularly surprising, as neurological genes in general do not fall into specific classes; instead, genes that are important for neurological functions fall into numerous functional GO categories. To further explore the neurological enrichment observed, we examined the expression of candidate genes in neurological tissues. We observed that the 33 genes associated with variation in sperm competition have a significantly higher mean expression level in neurological tissues compared to nonneurological tissues (P = 0.0019) (Figure 2 ). To identify whether any genes associated with sperm competition also influenced other parameters of reproductive success, we compared our sperm competition genome-wide association (GWA) with results from GWA of progeny number (Table S2) . and remating rate measured in these lines (Table S3 ). There was no overlap between the genes associated with the three phenotypes, suggesting that, in this set of DGRP lines, the genetic architecture of these phenotypes might be independent.
SNPs in genes with potential roles in sperm storage associated with sperm competition: We predicted that at least some of the top candidate genes should have known functions in sperm competition. Two of the 18 nonneurological genes with SNPs associated with sperm competition may have specific functions in sperm competition. These two genes, CG32834 and CG10962, are both spermathecaespecific genes in the adult fly [FlyAtlas (Chintapalli et al. 2007) ]. CG32834 encodes a predicted protease and CG10962 encodes a protein predicted to be involved in oxidation reduction. Both classes of protein may play roles in maintaining sperm in storage by activating sperm or maintaining sperm while in storage. The observation that at least some of the top 50 associated candidate SNPs are in genes with potential roles in sperm storage lends support to the validity of our methods and results.
Candidate neurological genes associated with sperm competition: The 15 neurological genes whose SNPs associate with sperm competition outcome fall into diverse functional categories. Five of these genes are either ion channels (para, SK, and Shab) or neuronal trafficking genes (Rab2 and Rim). para is the only gene in the D. melanogaster genome to encode a voltage-gated sodium channel (Loughney et al. 1989) . para is homologous to the mammalian a-subunits of voltage-gated sodium channels and plays an important role in neuronal excitability (Goldin et al. 2000) . SK (small conductance calcium-activated potassium channel) encodes a non-voltage-dependent potassium channel critical to excitable cells by linking Ca 2+ concentrations within a cell to score is the proportion of first-male progeny after the second mating. Mean P1 scores vary up to sixfold among genotypes. Female DGRP genotype has a significant effect on P1 score (P = 0.0003). In the box plots, the boxes represent the interquartile range, the whiskers represent 1.5 · interquartile range, and open circles are outliers. See Table S1 for line identity.
membrane hyperpolarization (Stocker 2004) . Shab encodes the Shaker cognate b-subunit and is solely responsible for the delayed rectifier current in neurons and muscles of Drosophila (Hegde et al. 1999) .
Rab2 and Rim both encode nervous system-specific trafficking proteins. Rab2 is a Rab GTPase that is mainly expressed in the Drosophila nervous system (Zhang et al. 2007) . It is required for proper vesicle transport from the endoplasmic reticulum to the Golgi. Rab2 is also involved in the biogenesis of dense core vesicles, a form of neuropeptide release (Edwards et al. 2009; Sumakovic et al. 2009 ). Rim is an adaptor protein localized to the presynaptic zone of a neuron. Rim interacts with various Rab proteins to regulate the release of neurotransmitters (Wang and Sudhof 2003) .
The 10 remaining neurological candidate genes have a variety of neuronal functions. Two genes are broadly involved in muscle development (Msp-300 and Zasp66) (Rosenberg-Hasson et al. 1996) . Three other genes are involved in the development of the nervous system (caup, Ddr, and spz5) (Gomez-Skarmeta and Modolell 1996; GomezSkarmeta et al. 1996; Zhu et al. 2008; Mummery-Widmer et al. 2009 ). Finally, 5 of the genes with SNPs associated with sperm competition levels are highly expressed in the nervous system [FlyAtlas (Chintapalli et al. 2007) ], but have not been functionally tested for neuronal function (CG42796, CG15765, CG32532, CG32264, and CG13594).
Some additional nonneurological genes associated with sperm competition: Sixteen of 18 nonneurological genes fall into various functional classes and do not give a clear indicator of pathways or systems that could affect sperm competition. For example, genes like Wrinkled, which plays a role in cell death (Bilak and Su 2009) , and sticky, which is involved in cytokinesis (Naim et al. 2004) , contain SNPs associated with sperm competition in females, but it is not obvious how or whether these genes may affect differential sperm use. Several of the nonneurological genes, such as CG31872 and CG15800, are male-specific genes expressed mainly in the accessory glands or testis, respectively. Our experimental design did not allow for estimation of a false positive rate and instead uses this first tier of association testing merely as a means to nominate candidate genes. Future experimentation is needed to establish a functional role of these genetic variants in sperm competition.
Functional testing
To validate potential roles of neurological genes in sperm competition in females, we used RNAi to ask whether reduction in the expression of these genes changes sperm competition outcomes. These candidates could be potentially involved in the development of neural networks specific for sperm competition and/or they could function at the time of sperm competition. Given that knockdown of at least some of these neural genes is lethal or affects behaviors unrelated to sperm competition (e.g., locomotion behaviors that could affect courtship or mating) (Loughney et al. 1989; Lloyd et al. 2000; Schulte et al. 2010) , we chose to test a specific hypothesis: that neural genes might influence sperm competition through neurons that innervate the female reproductive tract. This approach likely underestimates the extent of contribution of these genes that we found, but is a simple, initial, and direct test of function. Candidate gene function was tested by knocking down expression in the ppk + sensory neurons that innervate the female reproductive tract. We tested candidates in these neurons because SPR, the only female gene known to be important for sperm competition, signals through them (Hasemeyer et al. 2009; Yang et al. 2009 ). Knockdown was achieved with the ppk-GAL4 driver that is specifically expressed in this subset of neurons (Grueber et al. 2007) . Knockdown females were compared to controls in a sperm competition experiment identical to the DGRP experiment described above. Because we sought to test candidates in neurons (rather than muscle), we chose candidate genes with clear functions in neurons. Four of the neurological candidates, with various levels of significance in the association study ( Figure S4 ), were chosen for functional testing: Rab2, SK, para, and Rim.
Knockdown of three of these genes significantly affected P1 score. When Rab2 was knocked down in ppk + neurons, knockdown females had a significant increase in P1 score compared to control females [control median P1 = 0.685, N = 38; knockdown (KD) median P1 = 0.836, N = 40; P = 0.04] (Figure 3 ). Thus loss of Rab2 function in ppk + neurons results in an increase in first-male progeny compared to controls. Knockdown of para in sensory neurons resulted in reduction in P1 score compared to that in control females (control median P1 = 0.580, N = 40; KD median P1 = 0.506, N = 42; P = 0.008) (Figure 3) . Similarly, knockdown of Rim in sensory neurons also resulted in a significant reduction in P1 score (control median P1 = 0.560, N = 44; KD median P1 = 0.519, N = 41; P = 0.017) (Figure 3) . Knockdown of para or Rim in ppk + neurons results in production of fewer first-male progeny after a second mating.
We observed no difference in P1 score when SK was knocked down in ppk + neurons (control median P1 = 0.578, N = 40; KD median P1 = 0.578, N = 40; P = 0.344) (Figure 3) . The previous success of this ppk-GAL4 driver and the lethality of a ubiquitous knockdown of SK (data not shown) suggest that knockdown is occurring, although we cannot gauge its extent. It is unclear whether SK knockdown level was insufficient to give a sperm competition phenotype, whether SK's role in sperm competition is not through ppk + neurons, whether compensatory mechanisms are at play, or whether the SK association was a false positive.
Discussion
Despite overwhelming evidence that the female genotype affects sperm competition (Clark and Begun 1998; Clark et al. 1999; Fiumera et al. 2005 Fiumera et al. , 2007 Civetta et al. 2008; Chow et al. 2010) , little is known about the molecular mechanisms that underlie these female contributions. We sought to identify potential candidate pathways and molecules in the female that play a role in sperm competition. To do this, we took advantage of the variation captured in the DGRP resource (Mackay et al. 2012) . The DGRP is a collection of 192 wild-derived inbred lines from a single population. Figure 3 Level of first-male sperm precedence (P1 score) in RNAi knockdown of select neurological candidates. Three of the four candidates chosen for functional analysis affect P1 score when knocked down in sensory neurons innervating the female reproductive tract. KD, knockdown; *P , 0.05. Figure 2 Average expression of candidate genes associated with sperm competition in different tissues. The mean expression levels of the 33 candidate genes are higher in neuronal tissues (dark shading) than in nonneuronal tissues (light shading) (P = 0.0019). Tissue-specific expression data were taken from FlyAtlas. TaG, thoracicoabdominal ganglion; SG, salivary gland; Spt, spermatheca; L_CNS, larval central nervous system. Mean 6 SD is shown.
Full-genome sequence, transcript abundance, and many other attributes have been measured in all these strains. Many studies, including ours, have used this resource to successfully identify novel genetic variation important for adaptive traits (Ayroles et al. 2009 (Ayroles et al. , 2011 Mackay et al. 2012; Swarup et al. 2012 ). This collection is an important resource for understanding how variation at the genome level mediates phenotypic variation. We found extensive variation in the female control of sperm competition, and this phenotypic variation associated with genotypic variation. By taking this unbiased approach, we found, for the first time, that genes involved in the function and/or development of the nervous system appear to play a critical role in sperm competition.
Although numerous male · female interactions must take place before sperm competition occurs, sperm from different males directly compete once they enter the female reproductive tract and mix in the sperm storage organs (Manier et al. 2010) . Studies of these organs have given clues about how females might be biasing sperm use. For example, after the second mating, females eject some first-male sperm (Manier et al. 2010) . Visualization of sperm in storage showed that sperm move between storage organs and mixing within the seminal receptacle (Manier et al. 2010) . Any of these processes could act to bias sperm use. In some insects, the female preferentially places a certain male's sperm in an advantageous position within the sperm storage organs (Bloch Qazi 2003; Bussiere et al. 2010) . These dynamic sperm movements might be influenced, in some part, by male seminal proteins or the morphology of sperm themselves, but it is also likely that muscle contractions and active movements within the female tract are important factors that facilitate such movement.
Previous studies have demonstrated that an intact female nervous system is required for proper sperm storage in Drosophila: as females with masculinized nervous systems showed abnormal sperm storage (Arthur et al. 1998) . In Tribolium beetles, isolated female abdomens showed abnormal sperm storage, also suggesting the need for nervous system input (Bloch Qazi et al. 1998) . While these experiments do not shed light on the specific mechanism(s) in which the female nervous system affects sperm competition, they suggest that females are not passive players in sperm storage. This point is underscored by recent work showing that proper sperm storage requires the neuromodulators octopamine and tyramine within the female (Avila et al. 2012) . Also the male-derived accessory gland protein, Acp36DE interacts with unknown female factors to bias sperm competition. Acp36DE is required for uterine conformation in mated females (Avila and Wolfner 2009 ). These conformational changes play a role in moving sperm into storage. Neurological control of sperm storage organs and other parts of the female reproductive tract suggests that females actively store and maintain sperm. These various female actions suggest several routes by which the female could affect the outcome of sperm competition.
To validate our set of candidate genes, we chose to test a specific mechanism (one of many possibilities) by which the female nervous system may be involved in sperm competition. Selected candidates were knocked down in ppk + sensory neurons innervating the female reproductive tract. This class of neurons is of particular relevance to sperm competition for several reasons: (1) in locusts, sensory neurons innervating the female reproductive tract play a role in sperm and egg release, both of which are important for differential sperm usage (Clark and Lange 2001) ; (2) silencing these sensory neurons in Drosophila increases postmating receptivity, so they affect the amount of remating and thus the timing and amount of competing sperm the female receives (Hasemeyer et al. 2009; Yang et al. 2009); and (3) the seminal protein Sex Peptide (SP) causes at least some postmating changes through the Sex Peptide Receptor (SPR) in these neurons (Hasemeyer et al. 2009; Yang et al. 2009) . We have previously shown that the interaction between SP and SPR is critical for sperm competition outcomes (Chow et al. 2010) . Taken together, these lines of evidence suggest that ppk + neurons compose a promising site at which to begin dissecting female neuronal control of sperm competition.
P1, the proportion of offspring sired by the first male in doubly mated females, is the endpoint of complex interactions between males and females that extends beyond the reproductive tract and reproductive proteins. While we present evidence that the nervous system may influence P1 through variation in ppk + neuron function, it is impossible to know for sure the specific mechanism driving the P1 score association with variation in neurological genes. For example, because we did not observe the matings, we cannot be certain that the variation in P1 score does not arise from precopulatory interactions, such as a female's ability to detect male social signals, which would require the female sensory systems. Differences in P1 score could also arise from variation in copulation duration, where duration may determine the amount of sperm a male transfers (Gilchrist and Partridge 2000) . This can also be altered based on the female's detection of pheromones transferred during the copulation or her ability to remove a male's sperm, both requiring the nervous system. Similarly, as discussed above, female sperm storage could be influenced by the nervous system. Nevertheless, our results demonstrate, for the first time, that the final P1 score of a sperm competition may rely heavily on the female nervous system.
The results from our functional tests should be viewed as a "proof of principle." The SNP associations we identified were either noncoding or synonymous SNPs, indicating that the effect of each SNP is likely on temporal or spatial expression levels of the genes with which they associated (unless they affect splicing in some as yet unknown way). Since the majority of the top 50 candidates are essential genes, the presence of potential regulatory variation and the lack of nonsynonymous polymorphism are unsurprising, as severe mutations in these genes would likely be eliminated from the population. Given these observations, the knockdown of candidate genes does not test the function of each SNP, but instead tests whether perturbing the particular gene's expression could affect sperm competition. Three of four tested candidates had a significant effect on sperm competition when knocked down in a specific set of sensory neurons innervating the female reproductive tract. This is not proof that the SNPs identified in this study function by altering the expression of these genes in sensory neurons innervating the reproductive tract, but a demonstration of one possible mechanism by which these genes could act.
Our results have important implications for future studies of sperm competition. Although it is accepted that both males and females contribute to sperm competition, efforts to understand the female contribution have focused on femalespecific molecules and the female reproductive tract. Our results demonstrate the importance of expanding research beyond female-specific reproductive systems to more global and basic aspects of the female's physiology. The results of this study are the first indication that one role of the female nervous system is to bias sperm use, suggesting an active role by the female during sperm competition. A comprehensive view of the complex interactions between males and females and the evolution of sperm competition cannot be achieved until we fully understand the mechanisms behind the phenotypes observed. ). See Table S1 for line numbers.
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Figure S2
Remating rate. There is a significant effect of DGRP female genotype on remating rate (P=0.003). Remating rate is the proportion of females that mated twice (N=30 for each line). See Table S1 for line numbers. 
